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Deep Sequencing Analysis Reveals the Temporal Microbiota Changes
Associated with the Development of Bovine Digital Dermatitis
Abstract
Bovine digital dermatitis (DD) is a leading cause of lameness in dairy cattle throughout the world. Despite 35
years of research, the definitive etiologic agent associated with the disease process is still unknown. Previous
studies have demonstrated that multiple bacterial species are associated with lesions, with spirochetes being
the most reliably identified organism. This study details the deep sequencing-based metagenomic evaluation
of 48 staged DD biopsy specimens collected during a 3-year longitudinal study of disease progression. Over
175 million sequences were evaluated by utilizing both shotgun and 16S metagenomic techniques. Based on
the shotgun sequencing results, there was no evidence of a fungal or DNA viral etiology. The bacterial
microbiota of biopsy specimens progresses through a systematic series of changes that correlate with the novel
morphological lesion scoring system developed as part of this project. This scoring system was validated, as
the microbiota of each stage was statistically significantly different from those of other stages (P< 0.001). The
microbiota of control biopsy specimens were the most diverse and became less diverse as lesions developed.
Although Treponema spp. predominated in the advanced lesions, they were in relatively low abundance in the
newly described early lesions that are associated with the initiation of the disease process. The consortium of
Treponema spp. identified at the onset of disease changes considerably as the lesions progress through the
morphological stages identified. The results of this study support the hypothesis that DD is a polybacterial
disease process and provide unique insights into the temporal changes in bacterial populations throughout
lesion development.
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Bovine digital dermatitis (DD) is a leading cause of lameness in dairy cattle throughout the world. Despite 35 years of research,
the definitive etiologic agent associated with the disease process is still unknown. Previous studies have demonstrated that multi-
ple bacterial species are associated with lesions, with spirochetes being the most reliably identified organism. This study details
the deep sequencing-based metagenomic evaluation of 48 staged DD biopsy specimens collected during a 3-year longitudinal
study of disease progression. Over 175 million sequences were evaluated by utilizing both shotgun and 16Smetagenomic tech-
niques. Based on the shotgun sequencing results, there was no evidence of a fungal or DNA viral etiology. The bacterial microbi-
ota of biopsy specimens progresses through a systematic series of changes that correlate with the novel morphological lesion
scoring system developed as part of this project. This scoring system was validated, as the microbiota of each stage was statisti-
cally significantly different from those of other stages (P< 0.001). The microbiota of control biopsy specimens were the most
diverse and became less diverse as lesions developed. Although Treponema spp. predominated in the advanced lesions, they were
in relatively low abundance in the newly described early lesions that are associated with the initiation of the disease process. The
consortium of Treponema spp. identified at the onset of disease changes considerably as the lesions progress through the mor-
phological stages identified. The results of this study support the hypothesis that DD is a polybacterial disease process and pro-
vide unique insights into the temporal changes in bacterial populations throughout lesion development.
According to the most recent National Animal Health Moni-toring System survey of U.S. dairy farms (1), lameness is the
second most common health problem identified in dairy cattle.
Digital dermatitis (DD) was found to be the primary cause of
lameness within the study herds, accounting for 61.8% of the
lameness in bred heifers and 49.1% of the lameness in cows. Bo-
vine DD was first described in 1974, but despite over 35 years of
research, the etiological agent(s) associated with this disease has
yet to be definitively identified. The first morphological descrip-
tion of DD as an ulcerative disease of the bovine coronary band
occurred at the 8th International Meeting on Diseases of Cattle in
Milan, Italy (2). The first etiologic descriptions of the disease were
published in 1994 and were soon followed by a report describing
the isolation and identification of an anaerobic spirochete, be-
lieved to be a Treponema sp., in the lesions (3, 4). Since that time,
a number of additional papers have been published demonstrat-
ing the association of the lesions with additional bacteria, includ-
ing Bacteroides spp. (now called Porphyromonas spp.) (5),Campy-
lobacter spp. (6, 7), and Borrelia spp. (8), as well as viral etiologies
(9, 10). While there is a consistent presence of several Treponema
phylotypes inDD lesions (9, 11–15), attempts to induce disease by
skin inoculation with pure cultures of these microorganisms have
largely failed to result in significant disease in a majority of the
animals inoculated (7, 16). Furthermore, there is evidence to sug-
gest that the clinical use of vaccines against spirochetes provides
limited protection against the disease process (17). The consistent
clinical response to topical or systemic antibiotics suggests a bac-
terial agent as the true etiology of the disease (18–22). The associ-
ation of DD lesions with a variety of bacterial agents, the response
of the lesions to antibiotics, and the failure to induce disease or
protect against it using monovalent vaccines strongly suggest that
DD is a polymicrobial disease process (9, 23–25). This conclusion
is further supported by two recent studies that utilized the culture-
independent method of sequencing clones of 16S rRNA genes by
Sanger technology to classify a subset of bacteria derived from
biopsy specimens of both lesions and healthy feet (15, 26). While
these studies demonstrate that there are mixed microbial popula-
tions present in DD lesions that differ from that of normal skin,
the lack of information regarding stage and chronicity of the bi-
opsy specimens, combined with the relatively low number of 16S
rRNA gene sequences, limits the confidence in the overall conclu-
sions.
The fact that DD develops through a systematic series of mor-
phological stages was first described by Dopfer et al. in 1997 (7).
The authors describe four stages of lesion development, with stage
M1 (“M” in honor of Mortellaro’s initial description of the le-
sions) being the formation of a small ulcerative area, stage M2
being amature papillomatous or ulcerative lesion, stageM3 being
a healing lesion, and stage M4 being a chronic recurrent lesion.
The histopathologic changes associated with the development of
DD have been described (7, 27–29). Briefly, DD lesions have been
described histologically to include acute, suppurative inflamma-
tion of the epidermis with superficial necrosis and hyperkeratosis
(10), along with perivascular aggregations of lymphocytes and
plasma cells (30). A consistent microscopic observation of spiro-
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chetes within lesions has been demonstrated bymultiple research-
ers through the use of hematoxylin and eosin staining, Warthin-
Starry silver staining (31), immunohistochemistry (13, 28),
electron microscopy (13, 32), and fluorescence in situ hybridiza-
tion (FISH) (11, 12, 26, 29, 33–37).
The objective of this project was to use deep DNA sequencing
to analyze changes in the microbiota of DD lesions as they pro-
gressed through the temporal development of disease. The hy-
pothesis was that the development of DD is polybacterial, and
consistent and predictable changes to the bacterial microbiota of
the bovine foot could be identified as lesions systematically prog-
ress through multiple distinct morphological stages. Following
the onset of clinical disease, an evaluation of the lesionmicrobiota
following conventional topical treatment with tetracycline was
desired to determine the effect of treatment on themicrobial com-
munity. For this component, it was hypothesized that specific bac-
terial species associated with DD lesions would be displaced by 9
days after treatment.
MATERIALS AND METHODS
Lesion staging and biopsy sample collection.DDbiopsy specimens were
collected from adult Holstein dairy cattle housed at the Iowa State Uni-
versity Dairy Farm. This farm milks approximately 400 cows and has a
305-day rolling herd average of approximately 25,000 lb. The average
parity of the herd is 2.6 lactations. The herd had a history of DD-associ-
ated lameness, and the prevalence of DD lesions in the herd was estimated
to be 50% at the initiation of the study. In order to study the development
and progression of DD lesions, an initial subset of 30 cows were identified
as a convenience sample to participate in the longitudinal study of DD
lesion development. Cows were selected based on availability (i.e., not
participating in another trial at the time) and lesion status (the goal was to
have cows with no history of DD as well as cows with early and active
lesions). Over the next year, an additional 23 cows were enrolled in the
epidemiologic study, giving a total of 53 cows from which biopsy speci-
mens were collected. The biopsy specimens that were sequenced and uti-
lized in this study represent 26 of these 53 cows. Cattle in the trial were
diverted away from the farm’s footbath (5% copper sulfate) through the
use of radiofrequency ID tags and sort gates. No additional preventative
measures were used to control DD in these cows, allowing observation of
lesion development in the absence of intervention. Cattle in this study
were examined every 3 to 4 weeks throughout the study, and biopsy spec-
imens were taken from rear feet each time an individual foot changed
lesion stage. Additionally, digital images of all feet were taken at each
observation to allow retrospective evaluation of lesion morphology and
blinded staging of lesions. All observations weremade by a single observer
(A.C.K.) to ensure consistency. Biopsy specimens utilized in this study
were derived from these cattle over the course of the first 2 years of the
longitudinal study. Forty-eight biopsy specimens, representing 26 cows,
were selected for metagenomic analysis based on their morphological ap-
pearance (i.e., DD lesions progress through a transition between stages;
however, biopsy specimens were selected due to their clear representation
of the DD stage). All animal procedures and biopsy methods were ap-
proved by the Institutional Animal Care andUseCommittee of Iowa State
University.
Lesions were identified as part of a 3-year observational longitudinal
study and classified using a novel scoring system (Fig. 1) developed as part
of this study. The Iowa DD scoring system was developed after initial
efforts to utilize the previously described “M” scoring system proved to be
problematic due to the recognition of two distinct previously unrecog-
nized morphological appearances of early-stage lesions. The study’s
3-year duration made it possible to monitor lesions over an extended
period of time and to demonstrate that both new morphological forms
ultimately led to the development of classic DD lesions. The morpholog-
ical differences of these subtypes suggested that different bacterial species
might be involved, and it was thus important for the study to be able to
differentiate these early lesion subtypes. Instead of modifying the existing
“M” scoring system, it was decided to develop an independent scoring
system. The Iowa DD scoring system differentiates lesions progressing
from normal skin (stage 0) to initial onset (stage 1), developing lesions
(stage 2), classic DD lesions in the acute form (stage 3), and the chronic
form (stage 4) of disease. Furthermore, stages 1 and 2 are subdivided into
twomorphological subtypes. The “A” type lesions initiate in the interdigi-
tal space and have a more ulcerated appearance than the “B” type lesions,
which develop more diffusely across the heel and have a thickened,
crusted appearance. Both subtypes progress to the same morphological
stage 3 and 4 lesions. In some cases in this study, the subtypes of stages 1
and 2 are combined for data analysis in order to simplify the presentation
of the temporal development of disease. However, the subtypes were eval-
uated independently for assessment of biomarkers of disease for each
stage. A separate category (termed stage 5 in this study) is used to repre-
sent a distinct subset of biopsy specimens that were taken exactly 9 days
after topical treatment of stage 3 or stage 4 lesions. The data collected over
the course of the longitudinal study suggest that DD lesions develop and
progress very slowly. In several cases, we had cows with the same lesion
stage for the full 3 years of the study. On average, when new lesions devel-
oped, cattle took about 135 days to progress from normal skin to an
advanced lesion, with the longest time being almost 2 years. Amore com-
plete description of the Iowa DD scoring system and the epidemiology of
disease development will be reported in a separate article.
Biopsy sample collection was performed under local anesthesia pro-
vided by a regional limb perfusion with 20ml of 1% lidocaine. DD lesions
were gently rinsed with water to remove gross organic debris; no antibac-
terial products or surgical scrubswere used prior to biopsies. Two separate
3-mm biopsy specimens were collected utilizing a biopsy punch to collect
epidermis from a representative area of the lesion. Biopsy specimens in-
tended formetagenomic analysis were placed into 1.5-mlmicrocentrifuge
tubes containing 0.5-mm stainless steel beads and transferred to the lab-
oratory within 6 h for DNA extraction. Biopsy specimens intended for
histopathologic analysis were immediately placed in 10%neutral buffered
formalin. Biopsy specimens were processed forDNA extraction by adding
buffer ATL and proteinase K (Qiagen DNeasy blood and tissue kit), ho-
mogenized using aNext Advance Bullet blender, and incubated overnight
at 56°C. Following overnight incubation, biopsy specimens were pro-
cessed as directed by the manufacturer’s recommendations (Qiagen
DNeasy blood and tissue kit), and sample DNA was eluted and stored in
AE buffer. Total DNA yield was quantified with the Qubit fluorometer
(Life Technologies, Grand Island, NY), and DNA was stored at 80°C
prior to downstream processing. Biopsy specimens utilized for histologic
examination were stained with hematoxylin and eosin (H&E) using the
Gemini Autostainer with the H&E-based staining protocol. Warthin-
Starry staining was conducted using the Iowa State Veterinary Diagnostic
laboratory standard operating procedure.
Shotgun sequencing. Three samples were chosen from each of the
seven morphological stages for analysis using shotgun metagenomic se-
quencing. Along with these 21 samples, three additional samples were
chosen from stage 4 lesions that had been treated with topical tetracycline
9 days prior to biopsying (identified as stage 5 for simplicity). Table 1
provides details regarding the biopsy specimens included in the project.
An aliquot of all 24 samples was normalized to 2.5 ng/l for use in the
Nextera DNA sample prep kit (Epicentre Biotechnologies, Madison,WI).
Tagmentation of the sampleswas done using 50ng of template, as directed
by the manufacturer. Following tagmentation, each sample was purified
with the Qiagen MinElute PCR purification kit and eluted with 25 l of
Nextera resuspension buffer. PCR amplification was done per the manu-
facturer’s instruction using a unique combination of indexing primers for
each of the 24 samples to allow multiplexing of samples. Following am-
plification, each DNA library had short DNA fragments (150 bp) re-
moved using AMPure XP bead purification. DNA concentration and li-
brary fragment sizes were analyzed using a Qubit fluorometer and Agilent
Krull et al.
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high-sensitivity chip. Sample library concentrations were normalized,
pooled, and diluted to 2 nM for sequencing on the Illumina HiSeq plat-
form. Libraries were run on a single flow cell lane of 100-bp paired-end
sequences at the Iowa State University DNA Facility.
16S sequencing. Forty-eight samples were chosen for metagenomic
analysis using amplification of the V3-V4 hypervariable region of the bac-
terial 16S rRNAgene (Table 1). This included the 24 samples sequenced in
the shotgun sequencing experiment plus an additional 24 samples repre-
FIG 1 Illustration of the lesion stages identified throughout the 3-year study. Images are of lesions biopsied and utilized in this study. Stage 0 represents normal
bovine skin, the A1/A2 and B1/B2 lesions represent morphological variations of developing DD lesions, and stages 3 and 4 represent the clinical forms of disease
responsible for lameness. A subset of biopsy specimens from lesions that were treated and biopsied 9 days posttreatment are presented as stage 5 in this study.
Metagenomic Analysis of Bovine Digital Dermatitis
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sentative of each of the scoring system stages. All samples were processed
using a universal 16S forward primer (515F) and 48 unique Golay bar-
coded reverse primers (806R) as described by Caporaso et al. (38). Fol-
lowing 35 cycles of PCR amplification, the PCRproduct was confirmed by
visualization of an approximately 300-bp band on agarose gel (0.8%). A
negative control for every sample and primer combination was also pro-
cessed in an identical manner, and the absence of amplification was veri-
fied on agarose gels. Sample library DNA concentrations were quantified
using a Qubit fluorometer, and samples were pooled with equal
amounts of DNA. The pooled libraries were cleaned up with the MO-
BIO UltraClean PCR clean-up kit, and the samples were then diluted to 2
nM. Due to the potentially low diversity of our libraries, Illumina PhiX
Control v3 was added at a proportion of 20% prior to loading on the
MiSeq platform. A single flow cell lane of 300-bp paired-end sequences
was run on the IlluminaMiSeq at the Iowa State University DNA Facility.
Metagenomic data analysis. (i) Shotgun data. Raw data files were
demultiplexed and converted to FASTQ using Casava v.1.8.2 (Illumina,
Inc., San Diego, CA). FASTQ files were concatenated and uploaded to the
MG-RAST (39) server for analysis. The server was set to query for the
organism information for all biopsy bins. A “best hit” analysis was per-
formed using the M5NR database (40) as the source database. The MG-
RAST graphical user interface was used to provide rarefaction curves and
relative species abundance data. The data were then exported in BIOM
format for further analysis in QIIME (38, 41). Bray-Curtis beta diversity
plots (42) and Procrustes analysis (43) were performed using published
QIIME scripts.
(ii) 16S metagenomic data. Forward and reverse reads from the
paired-end sequencing were first merged using the fastq-join script.
QIIME 1.7 was then used for additional data analysis. Demultiplexing and
quality filtering were then performed using the split_libraries_fastq.py
script. The pick_reference_otus_through_otu_table.py script was used
for operational taxonomic unit (OTU) calling, and taxonomic assign-
ment based on the Greengenes database (44) was performed. Jackknifed
(45) (10,000 iterations) Bray-Curtis beta diversities for the samples were
plotted by stage using the jackknifed_beta_diversity.py script and com-
pared using a nonparametric analysis of similarity (ANOSIM) with 1,000
permutations. In order to test for biomarker taxa associated with each
stage of lesion development, the Galaxy analysis tool (46, 47) was utilized
to analyze LDA effect size (LEfSe).
RESULTS
Shotgun sequencing. Samples from shotgun sequencing varied in
the number of 100-bp reads from 837,084 to 22,799,300, with an
average of 6,518,062 reads per sample and a total of 156,433,474
sequences. Of these reads, a total of 48,530,678 passed initial qual-
ity control presets of the MG-RAST software, with an average
duplicate-read inferred sequencing error estimation (DRISEE)
(48) of 6.32%.With theM5NRdatabase utilized as the annotation
source, 661,098 reads matched a reference sequence with an E
value cutoff of 1e5, 60% minimum identity, and a minimum
15-bp alignment. The percentage of eukaryotic reads was highest
in controls (88.0%), decreased as lesions progressed to stages 1
and 2 (40.9%, 6.9%), andwas lowest in classic stage 3 and 4 lesions
(1.7%, 2.3%). Conversely, the percentage of bacterial reads in-
creased as lesions progressed from 2.1% in controls to 55.1% and
88.6% in stage 1 and 2 lesions and 94.8% and 97.2% in stage 3 and
4 lesions. Analysis showed that almost no sequences (fewer than
10 total sequences) were associatedwith fungal DNA and less than
0.5% of all sequences were associated with viral elements, consist-
ing primarily of phage DNA.
To determine if quantitative differences existed between the
normal cow skin control biopsy specimens and different stages of
lesions, an ANOSIM analysis was used to determine whether the
Bray-Curtis distances within the same category of the samples is
significantly different from those amongdifferent categories of the
samples. The results of these analyses demonstrated that statisti-
cally significant differences do exist between the stages (P 0.001)
at both the genus and species levels. This allows pairwise compar-
isons of the different stages to be performed where significant
TABLE 1 Metadata for each individual biopsy sample collected for this
study
Cowa Footb Subclass Stage 16S Shotgun





1 RR 0 X X 353 19 372
15 LR 0 X X 123 200 323
19 LR 0 X X 202 121 323
21 LR 0 X 195 441 636
24 RR 0 X 63 204 267
26 LR 0 X 0 225 225
4 LR A 1 X X 406 200 606
5 RR A 1 X X 491 99 590
7 RR A 1 X X 319 528 847
2 LR B 1 X 470 190 660
14 RR B 1 X 260 560 820
16 LR B 1 X X 74 580 654
17 RR B 1 X X 151 219 370
20 RR B 1 X 103 533 636
21 LR B 1 X X 77 559 636
23 LR B 1 X 83 565 648
25 LR B 1 X 0 225 225
3 LR A 2 X X 174 85 259
9 RR A 2 X X 385 524 909
16 LR A 2 X X 222 432 654
22 LR A 2 X 90 341 431
2 LR B 2 X 491 169 660
8 LR B 2 X X 223 249 472
14 RR B 2 X 280 540 820
20 RR B 2 X 195 441 636
21 LR B 2 X X 223 413 636
23 RR B 2 X X 83 565 648
23 LR B 2 X 202 446 648
2 LR 3 X 597 63 660
8 LR 3 X X 338 134 472
13 RR 3 X X 88 570 658
14 RR 3 X 506 314 820
20 RR 3 X 315 321 636
22 LR 3 X X 222 209 431
23 LR 3 X 322 326 648
24 RR 3 X 156 111 267
25 LR 3 X 114 111 225
26 LR 3 X 114 111 225
11 LR 4 X X 385 536 921
12 LR 4 X X 393 203 596
14 RR 4 X 596 224 820
18 LR 4 X X 89 566 655
20 RR 4 X 418 218 636
21 LR 4 X 315 321 636
22 LR 4 X 328 103 431
6 RR 5 X X 357 389 746
10 LR 5 X X 399 162 561
18 LR 5 X X 119 536 655
Avg 252.3 316.7 569.0
a Certain cows had several sequential biopsies taken, and each number corresponds to
an individual cow.
b LR, left rear; RR, right rear.
Krull et al.
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differences exist between all comparisons (P 0.025), except the
comparison of the control and posttreatment biopsy specimens.
A plot of taxonomic hits from each stage of disease develop-
ment is presented in Fig. 2A, showing all bacterial families that had
a relative abundance of at least 5% of the bacterial flora for any
given stage. Themorphological stages A1 and B1 as well as A2 and
B2 have been combined as stage 1 and stage 2, respectively, to
better demonstrate the temporal development of the disease pro-
cess. Eleven families were identified that met these criteria. Fami-
lies that did not reach the 5% threshold have been combined into
“other” to give a representation of the total bacterial population
dynamics of each stage. The family with the largest increase in
abundance as lesions developed is Spirochaetaceae, systematically
increasing from 0.0% in control feet to 94.3% in chronic (stage 4)
lesions. In contrast, several families, including Staphylococcaceae,
Streptococcaceae, Bacteroidaceae, Corynebacteriaceae, and Pasteu-
rellaceae, were overrepresented in controls and replaced with
other bacterial families as lesions progressed. Families that had a
lower abundance in controls and increased in early-stage develop-
ment included Spirochaetaceae,Mycoplasmataceae,Moraxellaceae,
and Porphyromonadaceae. As lesions progressed to the classic DD
morphological appearance, the diversity of the bacterial microbi-
ota greatly decreased. Spirochaetaceae became the predominant
family in the stage 3 and 4 lesions (69.7% and 94.3%). The only
other family found to be a substantial (10.0%) constituent of
stage 3 lesions wasMycoplasmataceae. Following treatment, there
was a considerable shift in the bacterial population, with Spiro-
chaetaceae and Mycoplasmataceae being considerably reduced,
whereas Corynebacteriaceae, Moraxellaceae, and Porphyromon-
adaceae noticeably increased.
16S sequencing. A total of 20,042,461 paired-end sequencing
reads were returned from the MiSeq. By using a fastq-join script,
17,003,839 overlapping forward and reverse sequences were
aligned and joined. QIIME (38, 41) was then used to demultiplex
and quality filter using the default quality filter settings. The total
number of reads that passed quality filtering was 15,792,486, with
FIG 2 Relative abundance, by stage, of bacterial families that represent at least 5% of the bacterial reads acquired. For simplicity, the colors of individual families
are the same in both graphs. (A) Relative abundance as derived from 24 biopsy specimens sequenced using shotgun metagenomics; (B) relative abundance
derived from 48 biopsy specimens sequenced using 16S based metagenomics.
Metagenomic Analysis of Bovine Digital Dermatitis
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a maximum number of reads per sample of 644,571 and a mini-
mumof 40,584. TheGreengenes (44) 16S rRNAgene databasewas
used to designate OTUs in QIIME. The total number of unique
OTUs identified from the data set was 6,001. Themean number of
total OTUs per sample was 198,222, with a maximum of 340,971
and a minimum of 38,563 OTUs.
The alpha diversity (42) of each sample was calculated using
rarefactions ranging from 10 to 100,000, with 10 iterations of each
calculation. The alpha rarefaction plot (Fig. 3) demonstrates the
average estimated number of species identified based on the num-
ber of sequences sampled for each of the six lesion stages. The
endpoint of this plot is 100,000 sequences, based on the fact that
45 of 48 samples hadmore than 100,000 reads. Asmost of the data
sets reached an asymptote on the chart, the depth of sequencing
was demonstrated to be adequate, and relatively few unique spe-
cies would be identified with additional sequencing. This plot also
demonstrates that the diversity of samples greatly decreases as the
lesions progress from normal skin (stage 0) to early lesions (stages
1 and 2) to the end-stage lesions (stages 3 and 4). Biopsy speci-
mens with the most diversity were those obtained 9 days after
treatment (stage 5).
Figure 2B is a plot of taxonomic hits from each stage of disease
development in a plot similar to that in Fig. 2A, although Fig. 2B
represents only 16S data and is independent from the shotgun
data presented in Fig. 2A. Bacterial families that represent at least
5% of the bacterial flora for any given stage are shown. Eleven
families were identified as composing at least 5% of the flora at
each stage, of which six were the same as those identified in the
shotgun data. Similar to what was shown by the shotgun data, the
family Spirochaetaceae increased dramatically from only 1.3% in
control feet and to 69.7% in stage 3 lesions. The increase in Spiro-
chaetaceae was not as linear and systematic as the increase in the
shotgun data, with the peak in abundance occurring in stage 3
lesions. In contrast to the shotgun data, there was a continued rise in
abundance of Spirochaetaceae into stage 4 lesions. The only other
bacterial family to be in sizable abundance in stage 3 and 4 lesions
was again Mycoplasmataceae. Families that were overrepresented
in control feet included Moraxellaceae, Corynebacteriaceae, Lach-
nospiraceae, and Ruminococcaceae. As lesions developed to stage 1
and stage 2, an increase in the families Spirochaetaceae,Mycoplas-
mataceae, Porphyromonadaceae, Campylobacteraceae, Aerococ-
caceae, and Tissierellaceaewas noted. Following treatment, a rapid
decline in Spirochaetaceae and Mycoplasmataceae occurred, con-
current with a rise inMoraxellaceae, Porphyromonadaceae, Bacte-
roidaceae, Corynebacteriaceae, Aerococcaceae, and Tissierellaceae,
leading to a population that closely resembles that of control feet.
As the 16S data set provided 254 bpof overlapping sequences of
the highly variable V3-V4 region of the bacterial 16S region, a
deeper analysis of the genus and species was done on the family
Spirochaetaceae to identify potential key species. All of the species
identified in the family Spirochaetaceae belonged to the genus
Treponema, with 45 unique species being identified from the
Greengenes database. Figure 4 shows Treponema spp. that make
up 5% or more of the total Treponema population at any given
stage. To identify the Treponema spp. that were associated with
each individual OTU call, the Greengenes reference 16S sequence
was subjected to a BLAST search in the Ribosomal Database Proj-
ect (RDP) (49). Each Treponema sp. listed is the bacterial isolate
that had the highest RDP score that was also greater than 0.95. Any
BLAST search that did not return an isolate with an RDP score
greater than 0.95 was listed with a unique Treponema sp. number.
Twelve unique Treponema spp. were identified as contributing to
at least 5%of theTreponema population for any given lesion stage.
The remaining 32 Treponema spp. have been combined to repre-
sent the other Treponema category in Fig. 4. The results of this
analysis show that constituents of the Treponema population un-
dergo dramatic shifts as the lesions develop. These shifts were
consistently observed within individual samples of a given stage
(data not shown). While the Treponema spp. in the control feet
were primarily Treponema sp. 33 along with a mixture of other
Treponema spp., as lesions developed to stage 1 and stage 2, there
was a shift in the population, with five species making up the
majority of the bacterial community. These include three Trepo-
nema spp. previously identified by Klitgaard et al. (26) and desig-
nated PT1, PT2, and PT3, all of which belong to the Treponema
refringens-like phylogenetic cluster. The other two abundant spe-
cies identified in these lesions are Treponema phagedenis and
Treponema sp. 44. Of these five species, Treponema sp. PT2 and
Treponema sp. 44 are the primary constituents of stage 1 lesions,
encompassing 77.4% of the Treponema population, whereas
Treponema sp. PT1, Treponema sp. PT3, and Treponema phagede-
nis make up 82.6% of the stage 2 Treponema population. The
FIG 3 Alpha rarefaction plot of the number of species observed when the OTU table derived from 16S-based metagenomics was rarified in 10,000 increments
from 10 to 100,000 reads. For each rarefaction, 10 (10) iterations were performed, and the number plotted represents the average number of OTUs identified.
Krull et al.
3364 iai.asm.org Infection and Immunity
 o
n









morphological shift from developing lesions to classic DD lesions
is accompanied by a substantial increase in four Treponema spp.
that were present in very low numbers in developing lesions.
These included Treponema sp. PT8, Treponema denticola, Trepo-
nema pedis, and Treponema medium. These four species went
from comprising only 0.1% and 2.6% of the population in stage 1
and stage 2 lesions, respectively, to comprising 68.1% and 69.3%
of theTreponema population in stage 3 and stage 4 lesions, respec-
tively. Accompanying this increase in the population of these four
species was a rapid decline in four of the five highly abundant
Treponema spp. identified in stage 1 and stage 2 lesions. Only
Treponema phagedenis remained at a substantial level (24.9% and
23.4%) during this shift, as the other four species comprised less
than 1% of the Treponema population in stage 3 and 4 lesions.
Following treatment (stage 5), the diversity of Treponema spp.
increased, with all 12 contributing to at least 1%of the population,
whereas all other lesion stages had only five to seven species con-
tributing at that level. Across all lesion stages, only Treponema
phagedenis contributed to more than 0.1% of the population at
every stage and ranged from 3.8% to 48.8% of the population
throughout lesion development.
A principal component analysis (PCoA) plot (50) was con-
structed using QIIME to analyze the beta diversity (42) between
lesion stages. A 3-dimensional jackknifed (45) PCoA plot (Fig. 5)
was assembled using Bray-Curtis distances using 100 repetitions,
each sampling 10,000 sequences, from each sample to analyze the
variation from one replicate to the next. The chart contains con-
fidence ellipsoids around each sample to visualize the variation
between sample replicates. The same highly abundant 11 taxa that
were plotted in Fig. 2B were also plotted on the PCoA plot, where
FIG 4 The percentage (of total Treponema hits) of each Treponema sp.-associated OTU plotted by stage of lesion. For each of the most abundant OTUs the
“best-hit” RDP databasematch for the OTU sequence is provided in order to allow comparison to other studies. These best-hit matches are derived from 254-bp
sequences aligned to the RDP database in the V3-V4 region, which is known to be highly diverse in Treponema spp.
FIG 5 Three-dimensional jackknifed (45) replicate PCoA plot of Bray-Curtis distances. Jackknifing analysis utilized 100 iterations of 10,000 sequences each. The
chart contains confidence ellipsoids around each sample to estimate the variation between stage replicates. The same highly abundant 11 taxa that are plotted in
Fig. 1B are also plotted on the PCoA plot, where the coordinates of each taxon are plotted as the weighted average of the coordinates of all samples. The size of
the ellipsoid around each taxon is proportional to the mean relative abundance of the taxon across all samples.
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the coordinates of each taxon are plotted as the weighted average
of the coordinates of all samples. The size of the ellipsoid around
each taxon is proportional to the mean relative abundance of the
taxon across all samples. This plot groups the individual biopsy
specimens relatively well based on the Iowa DD scoring system,
with the control feet grouping high on the PC1 and PC2 axes,
early-stage lesions grouping along the entire PC1 axis and low on
the PC2 axis, and end-stage lesions grouping very low on the PC1
axis and high on the PC2 axis. Following treatment, the biopsy
specimens revert toward the high end of the PC1 axis grouping in
the same area as control feet and early lesions. The main taxa
responsible for the shift from the high to the low end of the PC2
axis on the PCoA plot were Mycoplasmataceae, Campylobacter-
aceae,Porphyromonadaceae, andTissierellaceae, whereas the single
biggest driver of the shift from the high to the low end of the PC1
axis was Spirochaetaceae. The taxa most closely associated with
normal skin or very early lesion development include Ruminococ-
caceae, Aerococcaceae, Corynebacteriaceae, and Moraxellaceae. In
order to test for statistical differences between the groups, a non-
parametric ANOSIM analysis with 1,000 iterations was per-
formed. This resulted in a P value of0.001, indicating statistical
differences between groups, and an R2 of 0.544, suggesting that
roughly 54% of the differences between samples could be ascribed
to their lesion stage.
In order to determine the statistically and biologically signifi-
cant organisms involved in the development of DD, the 16S data
were analyzed using the web-based genome analysis tool Galaxy
(46, 47), accessible from the Huttenhower lab (http://huttenhower
.sph.harvard.edu/galaxy/). This analysis first uses a nonparametric
factorial Kruskal-Wallis sum-rank test (51) to detect significant
differential abundances between samples at the P  0.05 level.
Taxa that met this criterion underwent a linear discriminant anal-
ysis (LDA) to generate an LDA score to evaluate the effect size of
each significant biomarker. This LEfSe (LDA effect size) analysis
provides an output of all statistical and biologically significant taxa
with an associated LDA score that is indicative of its relevance. For
this data set, 412 taxamet the Kruskal-Wallis criterion of a P value
of 0.05, and LDA scores ranged from approximately 2.58 to
5.51. A chart of all of the significant taxa and their LDA scores is
provided in the supplemental material. Figure 6 shows a clado-
gram of the 47 taxa that had an LDA score greater than 4.5. The
Greengenes database does not provide many of the species-level
designations; therefore, all significant OTUs identified at the spe-
cies level have been given a unique species number to represent
potentially different species. The 4.5 level was used as an arbitrary
cutoff point to represent approximately the top 10%most biolog-
ically significant taxa. When lower cutoff points were used, the
number of significant taxa in stage 0 biopsy specimens greatly
FIG 6 Cladogram of the 47 taxa that had a Kruskal-Wallis P value of 0.05 and an LDA score greater than 4.5 following analysis by LEfSe. The center of the
cladogram represents the bacterial phylum, and each sequential ring represents the next taxonomic level, down to the species level at the outermost ring. All
nonsignificant taxa and taxa with LDA scores of4.5 are represented in yellow, whereas significant taxonomic hits with LDA scores of4.5 are colored tomatch
the stage at which they were significantly overrepresented. The actual LDA score for each taxon shown on the cladogram is shown on the bar charts of the legend.
For each significant OTU at the species level, a unique species number is shown along with the corresponding genus.
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increased, from 4.25% to 67.4%, due to the larger diversity (albeit
lower individual taxa significance) of the normal skin microbiota
(alpha diversity shown in Fig. 3). The morphological subclassifi-
cations A and B were included in this analysis in an attempt to
identify unique taxa associated with each lesion stage. All of the
highly abundant families shown in Fig. 2B are also represented in
the cladogram as being statistically and biologically significant.
The only highly abundant family that did not have an LDA score
greater than 4.5 was the family Lachnospiraceae, which had an
LDA score of 4.42.
Based on the LEfSe analysis, there are distinct differences be-
tween the bacterial populations of A and B lesions. The only sig-
nificant taxa identified in A1 lesions are Treponema sp. PT2 and
Treponema sp. 44, while theA2 lesionswere associatedwithTrepo-
nema phagedenis as well as Campylobacter ureolyticus. In contrast,
there were no Treponema species significantly identified as bio-
markers in B lesions. The significant biomarkers for B lesions were
all included in the phyla Firmicutes and Actinobacteria. The fami-
lies Corynebacteriaceae and Tissierellaceae were significant for B1
lesions, and the familyAerococcaceaewas significant for B2 lesions.
The biomarkers associated with stage 3 and 4 lesions were primar-
ily from the genusTreponema. Stage 3 lesions were associatedwith
Treponema denticola, Treponema medium, and Treponema sp.
PT8, and stage 4 lesions were associated with Treponema pedis.
The only other genus associated with classic DD lesions was My-
coplasma in stage 3 lesions. Following treatment (stage 5), several
biomarkers from the classes Bacteroidia and Gammaproteobacte-
ria were significantly associated with this stage.
To compare the data sets between the shotgun and 16S data, a
Procrustes analysis was performedusing the Bray-Curtis distances
and 10,000 iterations of a Monte Carlo simulation between the 24
samples included in both data sets. The PCoAplots fromboth data
sets have been combined in Fig. 7 to visualize the individual sam-
ple differences. Each biopsy run on both platforms is connected
with a line between the 16S and shotgun data point. The points are
also colored to correspond to the lesion stage represented. Monte
Carlo simulations (52) resulted in a P value of 0.001, which
indicates that regardless of the method used, both pipelines gave
very similar results as to the microbial community involved in the
development of DD.
Histopathology.One hundred ninety-three biopsy specimens
were collected over the time frame of this project and evaluated
histologically by a pathologist who was blinded to the gross lesion
stage. Biopsy specimens were stained with H&E and examined for
pathological changes as well as stained with Warthin-Starry silver
stain for evidence of spirochetes. A majority of the biopsy speci-
mens (174/193) were categorized into one of three pathological
descriptions (grades 1, 2, and 3). The remaining 19 biopsy speci-
mens were described as having a unique pathological description
and are grouped in the “other” category. The grade 1 category
encompassed all biopsy specimens identified as normal bovine
skin. Grade 2 lesions were described as hyperkeratotic and acan-
FIG 7 Procrustes analysis performed using the Bray-Curtis distances and 10,000 iterations of aMonte Carlo simulation between the 24 samples included in both
the shotgun and 16S metagenomic data sets. Monte Carlo simulations resulted in a P value of0.001.
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thotic with surface hemorrhage and erythrocytic crusts. This his-
tologic description was found to be more prevalent in the early
stages of DD development, with 48% of the early lesions being
categorized this way. Grade 3 lesions were described as segmental,
localized, necrotizing to necrosuppurative epidermitis with indi-
vidual cell necrosis, ballooning degeneration of epithelial cells,
necrotizing vasculitis, and intralesional bacteria consisting of del-
icate spirochetes, bacilli, and coccobacilli. This histologic descrip-
tionwas of increasing prevalence in developing lesions (Fig. 8) and
the most prevalent in end-stage lesions (70%). The biopsy speci-
mens taken 9 days after treatment primarily fell into the grade 3
category as well, despite the metagenomic data indicating a large
shift in the microbiota at this time. A summary of the Warthin-
Starry staining for spirochetes is summarized in Fig. 9 whereas a
biopsy specimenwas classified as positive if therewas any evidence
of spirochetes within or on the surface of the skin regardless of the
quantity of spirochetes present. Despite the chart plotting pres-
ence versus abundance (as in the metagenomic plots), the trend
toward an increase in spirochetes as lesions develop is consistent
with the microbiota shift in the metagenomic analysis.
DISCUSSION
From the results presented here, we conclude that the bacterial
communities associated withDDbiopsy specimens change signif-
icantly as the lesions develop and that these bacterial communities
are closely tied to the morphological stage of lesion development.
Each morphological stage has been statistically validated as con-
taining a unique microbiota, different from those of the prior or
subsequent lesions stages. This conclusion is based on an extensive
evaluation of more than 175 million sequences, evaluated with
two different sequencing pipelines, encompassing 48 biopsy spec-
imens from seven well-defined lesion stages as well as normal skin
collected over a 3-year observational period.
Several key findings include a dramatic increase in Treponema
sequences as lesions progress, a shift in the Treponema spp. be-
tween lesion stages, and a nearly complete absence of viral or fun-
gal DNA. There also appear to be specific phylogenic lineages that
serve as biomarkers for each of the lesion stages. Overall, these
data provide strong evidence to support the view that DD is a
polybacterial disease with significant changes in Treponema spe-
FIG 8 Percentage of each stage of lesion classified by histologic score following blinded assessment by a pathologist.
FIG 9 Percentage of spirochete-positive biopsy specimens identified via histopathology for each stage of lesion development. Identification was based on silver
staining of the biopsy specimen and evaluation by a pathologist as having spirochetes present or absent.
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cies and relative abundance as lesions develop through various
morphological stages.
This evaluation of the temporal changes to the bovine foot
metagenome throughout the early development of DD using cul-
ture-independent methods is the most in-depth one published to
date. Several researchers (15, 53) have used 16S-based cloning to
evaluate the DD microbiome by classic Sanger sequencing, creat-
ing atmost 1,525 clones fromnine bovine feet. Klitgaard et al. (54)
utilized high-throughput 16S-based 454 sequencing to create
212,827 sequences from 40 cows; however, instead of using uni-
versal 16S primers, they utilized a custom Treponema-specific
primer to explore the diversity of this bacterial genus in each bi-
opsy specimen (54). Consequently, the relative abundance of the
Treponema spp. was not provided in context with the overall bac-
terial community, although histopathologic fluorescent in situ hy-
bridization analysis (FISH) did demonstrate that the majority of
the bacteria colonizing the deep tissues of the lesions were Trepo-
nema spp. Additionally, it is not possible to ascertain if all Trepo-
nema spp. were indeed detected using the custom primer. In con-
trast, this study utilized biopsy specimens from 48 different feet
with seven well-defined stages of development as well as normal
control feet. Furthermore, the biopsy specimens were derived
from cows with known lesion history (monitoring prior to and
subsequent to sampling) as well as utilization of two separatemet-
agenomicmethods for analyzing the entiremicrobiome. The total
numbers of sequences evaluated from these 48 biopsy specimens
(156,433,474 and 20,042,461) also yieldedmuchmore depth than
any previous study.
The results of the two separate sequencing techniques gener-
ated microbial communities with no significant differences when
evaluated using a Procrustes analysis, further verifying the validity
of the conclusions. The use of shotgun metagenomic methods
allowed verification of previous findings (9) that bovine papillo-
mavirus does not play a role in disease, nor is it likely that any
other DNA-based viruses play a role, based on the very minimal
amount of viral sequences identified. The shotgun data also al-
lowed us to rule out the potential involvement of any fungal
pathogens based on the very minimal amount of fungal DNA
present.
Through the use of sequencing and histopathology, several key
observations can bemade from this project. In both 16S and shot-
gun sequencing, the amount of Treponema DNA isolated from
each stage of development increased as the lesion score increased.
Thismatched the histology results, where the percentage of biopsy
specimens that had spirochetes identified with Warthin-Starry
staining increased as the lesion scores increased. This population
of Treponema spp. also appears to have different constituents at
each of the various stages of development, whichmay help explain
the variability noted in the Treponema spp. visualized from previ-
ous fluorescent in situ hybridization studies (33, 34, 54). The sig-
nificance of these changes inTreponema species and relative abun-
dance in relation to the possible role of Treponema spp. in the
etiology of DD remains unclear at this time and warrants further
investigation. It is clear that advanced lesions have a high percent-
age of Treponema spp. in relationship to other bacterial species,
but it is still unclear if this is strictly an association or a true cau-
sation.
The Iowa DD staging system developed throughout the course
of the 3 years of this study was validated by the statistically signif-
icant microbiota changes that occurred within each of the stages.
While there is some overlap with the M scoring system (7), that
systemdid not describe all of themorphological changes that were
observed to take place throughout the course of lesion develop-
ment. The Iowa DD scoring system was especially better at de-
scribing the morphological variability of the early-stage lesions.
These stages were of particular interest due to the evidence that
various bacterial complexes can lead to the same end-stage dis-
ease, such as the complexes involved in human gingivitis (55–58).
It was also felt that the numerical scoring system better corre-
sponded to the temporal development of disease and provided an
easier method for evaluating feet as they progressed from one
stage to the next. Although this study used “stage 5” to represent
lesions that had been treated and were regressing, this was done
for convenience of graphical representation, and it should be em-
phasized that after treatment, morphologically these lesions re-
gress to earlier stages of development (stages 1 and 2) or back to
normal skin. An article on the epidemiology of DD development
that describes the time frame inwhich lesions progress and regress
through these stages is in preparation. The results of our ANOSIM
calculations in both the shotgun and 16S data verified that the
microbial communities of each individual stage were statistically
different from all other stages. Therefore, it is believed that is im-
portant to continue to utilize this more detailed scoring system
when the progression ofDD fromnormal skin to the diseased state
is being evaluated.
The results of the previous DD 16S sequencing projects by
Yano et al. (15) and Santos et al. (53) yielded similar results in their
evaluation of normal healthy skin in comparison to DD lesions.
Both studies found Proteobacteria to be abundant in healthy feet,
and Yano et al. found Actinobacteria to be abundant in healthy
feet. They also both demonstrated a large increase in Treponema
spp. in DD lesions as well as some increase in the Tenericutes.
These findings match the data sets reported here relatively well.
Santos et al. foundTenericutes at a significant level only in the deep
biopsy specimens, while our data show a peak ofTenericutes in the
acute (stage 3) lesions, suggesting that they may play a role in the
transition from early lesions to end-stage lesions. Both of the pre-
vious papers revealed a large number of Firmicutes in both healthy
and diseased feet. In contrast, our data show Firmicutes at a high
level in healthy tissue and early-stage lesions and a much lower
level in end-stage lesions, suggesting a nonpathogenic role for this
bacterial family. While both of these culture-independent studies
had similar conclusions, the depth at which our study explored
lesion development using high-throughput sequencing gives a
closer look at the microbiota changes throughout the time course
of disease development.
The Treponema spp. identified in stage 3 and 4 lesions are very
similar to those identified by 454 pyrosequencing (54) fromclassic
DD lesions. Klitgaard et al. identified four major Treponema clus-
ters fromDD lesions, which included T. denticola/T. pedis-like, T.
phagedenis-like,T. refringens-like, andT.medium/T. vincentii-like
clusters. The biopsy specimens used in that study were from clas-
sically described DD lesions, which would include the stage 3 and
4 lesions from the Iowa DD scoring system presented herein. The
most abundant Treponema OTU sequence closest matches from
stage 3 and 4 lesions included T. medium, T. pedis, T. denticola, T.
phagedenis, and Treponema sp. PT8. Interestingly, of these five
species, only T. phagedenis made up more than 2% of the Trepo-
nema population in early-stage lesions. In our analysis, themajor-
ity of the Treponema population in these early-stage lesions were
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classified as PT1, PT2, PT3, and an unclassified Treponema sp.
most closely related to T. refringens (RDP score  0.750). In an-
other paper by Klitgaard et al. (26), an abnormal DD presentation
(biopsy specimen 40) was described as “showing circumscribed,
focal, moist plaque with increased thickness of epidermis.” The
lesion photographed was found to be 100% colonized by Trepo-
nema sp. PT3 andwould be classified as a B1 lesion in the IowaDD
scoring system. The finding that this early lesion did not contain
any of the Treponema species identified in classic lesions is consis-
tent with the results of the current study. This further documents
the importance of understanding the progression of the disease
and indicates thatmany of theTreponema spp. identified from the
chronic end stage of disease may not be important at the onset of
disease.
The identification of microbiota changes in the early stages of
lesion development gives new insight into themicrobial consortia
required to initiate the onset of disease. The idea that various
species of Treponema are important is not a novel concept (59–
61), but the role that each of these species plays throughout the
course of development has been expanded. There is a group of
Treponema spp. that made up themajority of the Treponema pop-
ulation at the onset of disease development, whereas a completely
different group of Treponema spp. was prevalent at the end stage
of the disease process. Although the Greengenes database identi-
fied only one Treponema OTU at the species level (Treponema
phagedenis), 47 unique OTUs were identified in the data set. Of
these 47 OTUs, 11 of them comprise the majority of the Trepo-
nema population of these lesions. When these sequences were
compared to the ribosomal database, many of them were identi-
fied as potential causative agents of DD. Klitgaard et al. (26) iden-
tified 10 unique Treponema isolates using 16S amplification and
cloning of Treponema spp. from DD lesions. Three of the Trepo-
nema spp. that made up a majority of the population of early
lesions are closely related to PT1, PT2, and PT3. Although this
study may not be able to identify the various TreponemaOTUs to
the species level, there is a definite reproducible trend in the
groups of Treponema spp. identified at the various stages of lesion
development. Further work focused on identifying these specific
Treponema OTUs at the species level is warranted to determine if
certain Treponema spp. are important in initiation of disease,
while other, later-colonizingTreponema spp.may simply colonize
a niche setup by the early colonizing bacteria. In light of the fact
that all biopsy specimens sampled as part of this study originate
from a single dairy farm, it is possible that farm-to-farm variation
in Treponema spp. or the predominant Treponema species might
exist. Inclusion of additional farms in future sampling efforts is
warranted in order to address the degree and role of this potential
variability.
Despite the overabundance of Treponema spp. in end-stage
lesions, there appears to be a number of other bacterial families
that play a role in this polymicrobial disease process. The B-type
morphological lesions appear to have an association ofCorynebac-
teriaceae and Aerococcaceae with the superficial acanthosis and
crusting that distinguishes this stage of development. The A-type
lesions, which develop within the interdigital fold, appear to be
colonized by several unique Treponema spp. as well as bacteria of
the genus Campylobacter. This finding may be due to the unique,
potentiallymicroaerophilic area of the lesions located in the inter-
digital fold. Campylobacter spp. are known to grow best in vitro at
an oxygen content of 5% (62, 63), and Treponema phagedenis has
been found to grow best in the authors’ laboratory at approxi-
mately 2% oxygen (A. Krull and P. Plummer, unpublished data).
While these bacteria may not be the cause of DD, they certainly
could play a role in deteriorating skin integrity and setting up an
ideal environment for more pathogenic bacteria to thrive. While
stage 3 and 4 lesions are obviously dominated by Treponema spp.,
it appears thatMycoplasma spp.may be of potential importance in
the transition from an early lesion to an active lesion as well.
Although a number of papers have suggested that Bacteroides
spp. and Porphyromonas spp. play a role in the polymicrobial na-
ture of the disease, these data suggest that they may be opportu-
nistic bacteria colonizing bovine feet in the absence of other bac-
teria, as they are seen becoming statistically significant 9 days after
treatment. Another genus that has been proposed as potentially
contributing to the disease process is Dichelobacter (29, 33, 34).
Despite not being statistically significant in any particular stage of
development, Dichelobacter did contribute to 1.73% of the bacte-
ria in stage 1 and 2 lesions but less than 0.15% in all other lesion
stages. This lack of statistical significance in any particular stage is
most likely due to its presence in all four of the early lesion stages,
and further investigation intoDichelobacter’s role in the initiation
of disease is warranted. It is also important to realize that the lower
relative abundance of this organism does not preclude a critical
role for it in the development of DD (64–68).
Regardless of the particular species identified in both the 16S
and shotgun data, there is clear evidence that the bacterial diver-
sity of the sample decreases as the lesions progress. The largest
diversity of species was identified in control feet and posttreat-
ment lesions, followed by early-stage lesions, and finally the lowest
number of specieswas identified in end-stage lesions. Althoughon
a different scale, the alpha rarefaction plot published by Santos et
al. (53) showed a similar outcome with amuchmore diverse pop-
ulation in the healthy control feet than in DD lesions. Due to the
fact that only 700 clones were sequenced, the alpha rarefaction
plots from the paper by Santos et al. do not come close to the
asymptote. In our study, the alpha rarefaction curves are very close
to plateauing, indicating that additional sequencing would not
reveal many more species.
While two deep-sequencing approaches were used, the shot-
gun method had the advantage of giving insight into the relative
abundance of bacteria, viruses, and fungi in comparison to the
eukaryotic host DNA. This method led to the conclusion that
there is a relatively small percentage of bacteria associated with
control feet, compared to upwards of 97% of the sequenced DNA
associated with stage 3 and 4 lesions being bacterial DNA. It also
verified that therewas very little viral or fungalDNApresent at any
stage of lesion development. The limitation of this method was
that with the relatively short reads ofDNA from the entire genome
of a wide range of bacterial species, there may have been a bias to
identify more reads as bacteria whose entire genome has been
sequenced. Therefore, it was felt that to attempt to mitigate this
bias, these data were better utilized for analysis at the family level
and not for analyzing OTU calls at the genus and species levels.
Despite the fact that therewere a high number of reads that did not
match any known sequence, high-throughput sequencing did
provide a significant amount of usable data. The use of 16S rRNA
gene-based sequencing on the MiSeq platform enabled the use of
overlapping 300-bp sequences tomore confidently identify bacte-
ria to the genus and species levels, since the V3-V4 region is well
established for bacterial taxonomic classification (38, 69–71).
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The results of the current study do not provide insights into the
source of the bacteria identified in the DD lesions. Evans et al.
utilized quantitative PCR to test environmental and animal sam-
ples for three of theTreponema spp. identified inDD lesions of this
study (72). In that study, they were unable to identify the three
DD-associatedTreponema spp. in environmental or fecal samples;
however, several samples from the bovine rectal mucosal junction
and gingiva were positive. More recently, Klitgaard et al. demon-
strated the presence of DD-associated treponemes in 43 of 64
samples sequenced by high-throughput next-generation sequenc-
ing and a custom treponeme-specific primer (73). Although the
DD treponemes were present in very low abundance in environ-
mental samples, the present study demonstrates their presence in
the dairy slurry and environment, where they may act as a source
of infection.
The blinded histopathologic classification of lesions provided
in Fig. 8 demonstrates that some normal skin biopsy specimens
(stage 0) demonstrate evidence of histopathologic changes. This
finding is not surprising when one considers the increased sensi-
tivity of histopathology to identify cellular change compared to
gross observation. Several issues need to be considered in evaluat-
ing this data. First, Fig. 8 provides the histopathologic data from
193 biopsy specimens (i.e., not just the 48 included in the study)
that were scored morphologically and then subjected to blinded
histopathologic evaluation. Of the six stage 0 samples included in
the metagenomic study, 5 had no diagnostic lesion (grade 1) and
one had a grade 2 histopathologic change. Second, the presence of
this discrepancy does not negate the utility of either staging system
(i.e., themorphological staging or the histopathologic staging) but
simply reflects different means of evaluating these lesions. Why
several of these biopsy specimens exhibited these changes is un-
certain; however, it is possible that maceration from constant ex-
posure to a moist environment or other trauma could be associ-
ated with these cellular changes. Third, in each case of stage 0
biopsy specimens utilized for sequencing, the foot of the animals
was observed for an average of 140 days prior to the biopsy sample
collection and an average of 103 days after biopsywith no evidence
of DD lesion development. This verifies that the samples are in-
deed representative of skin with no DD lesions. Finally, it is im-
portant to realize that the histopathologic classification system
utilized in this study is not intended to be an implication of sever-
ity. Instead, each of the histopathologic classifications describes a
type of change. Within each classification, there could be a gradi-
ent of severity that was not implied by the classification.
From these results, we conclude that the DD disease process is
polybacterial, with no significant viral or fungal component. In
addition, DD manifests itself through consistent and predictable
changes in the bacterial microbiota of the bovine foot, as lesions
systematically progress throughmultiple distinct stages. The iden-
tification of the early-stage lesions and the phylogenic biomarkers
associated with each lesion stage will be instrumental in identify-
ing the essential microbial consortia required to initiate the onset
of disease. Further work toward identifying the role each of these
bacteria play in the progression of disease is needed in order to
create novel prevention strategies targeting specific pathogens.
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